Recent advances in DNA sequencing technologies have created opportunities for sequencing at an unprecedented depth and breadth (12) and multiplex sequencing has emerged as a popular strategy for parallel sequencing of many different samples (14) . In multiplex sequencing, a unique sample-specific identifier, or "barcode" sequence, is added to the DNA that is to be sequenced. After sequencing, reads are sorted into sample libraries via detection of the appropriate barcode. Multiplexing in amplicon sequencing, which is widely performed for diversity surveys of 16S rRNA or functional genes, can be performed either by ligating barcodes and sequencing adapters to amplicons created with "conventional" PCR primers (primers that consist only of the template-specific sequence) (13) , or more simply by using long oligonucleotides that, in addition to conventional PCR primers, already include 5Ј tags with barcodes and sequencing adapters, thereby eliminating the ligation step (2, 8) . The latter approach is referred to here as "barcoded primer" PCR (bcPCR).
The implicit assumption behind the bcPCR approach is that the adapter and barcode nucleotide sequence adjacent to the template-specific PCR primer does not interact with the template strand in such a way as to promote template sequencedependent selective amplification. Pyrosequencing-based genetic diversity studies are known to be affected by a number of factors, including template sequence (1), amplicon size and target region, choice of primers (4), pyrosequencing errors (5, 10, 16) , and OTU clustering procedure (9) , and it was recently demonstrated that this widely used approach suffers from a relatively low technical reproducibility (20) . In order to test specifically whether bcPCR affects surveys of genetic diversity, we designed barcoded primers comprised of the Titanium FLX sequencing adapters, randomly selected 8-nucleotide barcode sequences from a published and widely cited list (7) (Table S1) , and primers targeting a fragment of the 16S rRNA gene of most bacteria and spanning regions V6 to V9, which is sufficient for accurate microbial community characterization (11) and captures genetic diversity similarly to full-length 16S rRNA (17) (for details, see the supplemental material). We amplified DNA isolated from the mouse gut lumen and analyzed the resulting 16S rRNA gene amplicons using terminal restriction fragment length polymorphism (T-RFLP) and 454 pyrosequencing.
Each primer variant out of 11 randomly selected barcoded primers was tested in triplicate using T-RFLP (for details, see the supplemental material). T-RFLP was also conducted for three replicate DNA extractions (using the same extraction protocol) from the same homogenized sample in order to compare barcode-induced variation to a known source of technical variation. T-RFLP profiles were significantly less reproducible for primers that had different barcodes than for replicates of the same barcoded primer (P Ͻ 0.0001) (Fig. 1A) . The resulting average pairwise distance of profiles obtained with primers carrying different barcodes was even greater than that observed for amplification of multiple DNA extractions with a single barcoded primer (P Ͻ 0.0001), indicating that the variability associated with amplification using primers with different barcodes is greater than that observed with replicate DNA extractions (Fig. 1A) . The detection of T-RF peaks, which is a presence/absence measurement, was not significantly different for the 1-step and 2-step bcPCR on average (P ϭ 0.31), but the overall variation was higher among amplicons produced with different barcoded primers (F test, P ϭ 0.029), which indicates that the barcode sequence did affect the detection of some peaks (Fig. 1B) .
In order to reduce the variability associated with different bar-coded primers, we reasoned that the presence of the overhanging pyrosequencing adapter and barcode region should be minimized during amplification. We therefore implemented a 2-step PCR procedure in which conventional PCR primers amplify the template to the desired yield in the first step, and a dilution of the amplicons from this first step then serves as a template in a successive low-cycle-number amplification using the appropriate barcoded primers (see Fig. S1 in the supplemental material). This 2-step protocol is similar to "reconditioning PCR" and therefore may be ex-pected to have the additional benefit of reducing heteroduplex formation in mixed-template reactions (19) , although in the present study we did not observe a significant effect of PCR procedure on the percentage of 454 pyrosequencing reads (see below) detected as chimeras by Chimera Slayer (6) (9.0 Ϯ 2.3%, n ϭ 22, P ϭ 0.25). This protocol, which we refer to as "2-step bcPCR" to distinguish it from standard "1-step" bcPCR, produces barcoded amplicons that can be directly used for pyrosequencing.
To test this approach, we performed 20 cycles of amplification with conventional PCR primers and then used 1 l of the PCR product of the first reaction (1:50 dilution) as the template for a 5-cycle amplification with barcoded primers. Compared to the 1-step bcPCR, the 2-step bcPCR protocol indeed significantly improved the reproducibility of T-RFLP profiles obtained after use of the same 11 different barcoded primers with the same DNA extract (t test, P Ͻ 0.0001). The T-RFLP profiles were also more similar to each other than profiles obtained from 1-step bcPCR amplification with a single barcoded primer were to each other using DNA from replicate extractions of the same homogenized sample (P Ͻ 0.0001) (Fig. 1A) . However, the profiles from the 2-step bcPCR were still slightly less reproducible than those obtained with 1-step bcPCR using a single barcoded primer. The reason for this remaining minor bias introduced by barcoded primers even in the 2-step bcPCR is unknown, but it is unlikely to be connected with interactions between the barcode and the template. This is because the first step of amplification produces amplicons removed from their genomic context, and therefore in the second step of amplification, a template with neighboring sequence regions should no longer be present at relevant concentrations. Amplification using barcoded primers in both steps of the 2-step protocol confirmed that the presence of the barcoded primer was responsible for the reduced reproducibil- . From left to right, the bars show comparisons made using T-RFLP replicates obtained from application of a single barcoded primer for bcPCR using DNA from a single extraction, T-RFLP replicates obtained from application of a single barcoded primer for bcPCR using DNA extracted separately for each replicate from the same homogenized gut sample, and T-RFLP profiles obtained after amplification of DNA from a single extraction using a mixture of 11 randomly chosen barcoded PCR primers with either 1-step or 2-step bcPCR. (C and D) Average pairwise community similarities from 454 sequencing libraries prepared from the same DNA extraction (also DNA from the mouse gut lumen, but different extraction than that used for panels A and B) using 16 barcoded primers with either 1-step or 2-step bcPCR are compared. Bray-Curtis (C) and unweighted UniFrac (D) distances are shown. Error bars indicate standard deviations, and asterisks indicate statistical significance at P values of Ͻ0.05 ( * ) and Ͻ0.001 ( *** ).
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on June 24, 2017 by guest http://aem.asm.org/ ity of the 1-step bcPCR T-RFLP profiles (see Fig. S2 in the supplemental material), rather than the lack of a reconditioning step (19) . To test whether these results could be reproduced with sequencing data, pyrosequencing with 16 different barcodes using either 1-step or 2-step bcPCR was performed. Of the 16 barcodes, 6 were tested with both methods in order to make paired comparisons and the other 10 were tested with one of the PCR methods (5 for each method). The pyrosequencing data confirmed the T-RFLP result that 2-step bcPCR improves reproducibility, as measured by community similarity assessments with Bray-Curtis distance as well as unweighted UniFrac distance (Fig. 1C and D) .
A widely used approach for 16S rRNA gene surveys is to classify sequences as belonging to specific taxa based on reference databases and compare their relative abundances (3, 18) . The average relative representations of abundant taxa (Ͼ1% on average, classified at the family level) in the 1-step and 2-step bcPCR pyrosequence data sets were similar ( Fig.  2A) . However, we found that 2-step bcPCR reduced the relative standard deviation of relative abundance data for abundant families (Fig. 2A) . Comparison of 6 barcoded primers evaluated using both methods revealed that 1-step bcPCR yielded reduced species richness, evenness, and phylogenetic distance (UniFrac tree branch length) (Fig. 2B ), indicating that 2-step bcPCR recovers some sequence diversity missed by 1-step bcPCR. The extra diversity recovered by 2-step bcPCR shared similarity with high-quality 16S rRNA sequences in the SILVA database (SSU r106 Ref) (15) (mean sequence similarity, 91%) (see Fig. S3 in the supplemental material) and included two reads with 100% similarity to sequences in the database that had been recovered from rat feces, which indicates that the extra diversity is real and not a methodological artifact.
We explored whether any of the variation observed with different barcodes could be explained by known or predictable characteristics of the different barcoded oligonucleotides, but community structure was not determined by in silico folding stability, homodimer or heterodimer formation potential, or the identity of the nucleotide base on the 3Ј end of the barcode (the base proximal to the template-specific PCR primer sequence) (perMANOVA, P Ͼ 0.05), and GC content was identical for all barcodes. This leads us to conclude that the bcPCR bias cannot be predicted by in silico secondary structure eval- uation of the primer but is likely driven by selective or stochastic amplification caused by currently unknown template and barcoded primer interactions. While the present study evaluated the effect of varying the barcode region, the sequencing adapters would also be expected to contribute to selective amplification in bcPCR. This raises a possible concern for comparability of studies across different sequencing platforms as well as sequencing chemistries that use different adapters on the same platform.
The T-RFLP and pyrosequencing data clearly demonstrate that barcoded primers introduce biases in PCR that translate into less reproducible data sets. We have devised and evaluated a modified 2-step amplification procedure that improves this issue and outperforms the standard protocol. This modification can be easily incorporated into existing protocols and should be a valuable contribution to the production of highquality multiplex amplicon libraries for high-throughput sequencing.
